Introduction
In response to the Joetsu Shinkansen Line derailment accident caused by the 2004 Chuetsu Earthquake, a study was carried out on measures to prevent train derailment and deviation during earthquakes [1] . Based on the study results, various track side countermeasures were implemented particularly to ballasted track. Quantitative confirmation of the effectiveness of these various measures, to improve lateral ballast resistance (which greatly influences the deformation behavior of ballasted track during earthquakes), was obtained through shaking table tests using full-size ballasted tracks [2] . Since then a new countermeasure method offering greater cost-effectiveness than conventional ballast curbs has been developed, with proven deformation suppression effect and workability [3] .
Many studies have already focused on the deformation behavior of tracks themselves. For example, Numata [4] and Miyai [5] studied buckling stability of ballasted track in a section with continuous welded rails having the possibility of occurrence of buckling via an energy-based approach. The influences of uplift [6] , vibration [7] and wheel lateral force [8] that act on tracks when trains run on them have also been also clarified by the other researchers. However, many aspects of earthquake-related ballasted track deformation behavior remain unclear. A previous study
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Researcher, Structure Mechanics Laboratory, Railway Dynamics Division investigated buckling stability based on the temperature change corresponding to the minimum buckling strength which was calculated in consideration of the lateral ballast resistance force during earthquakes and the level of temperature change at which buckling occurs [9] . However, it has not been fully clarified how ballasted track deforms, how buckling is caused, or how large residual deformation is generated under the influence of earthquake motion and related changes in ballast resistance force.
Against such a background, a study was first conducted involving static analysis with ballast resistance force characteristics and other factors set as parameters to highlight the conditions of basic buckling stability. Particular emphasis was placed on clarifying the deformation behavior of ballasted track laid on the ground in a tangenttrack section with continuous welded rails in response to temperature changes during regular train running. Further research then concentrated on ballasted track built on the ground and structures, to elucidate the deformation behavior of the tracks based on dynamic analysis under earthquake conditions. Factors such as ballast resistance force and earthquake motion were used as parameters, and deformation behavior in response to temperature changes was adopted as the initial condition. Ballasted track laid on structures was investigated to determine how the equivalent natural period, yield seismic intensity, vibration displacement and uneven displacement of structures affect the deformation behavior of ballasted track. Figure 1 shows the outline and analysis model of the targeted ballasted track, and Table 1 shows the analysis conditions. In the analysis model, longitudinal displacement at the end of the rail was restrained to simulate a fixed section of continuous welded rail.
Analysis method

Track model
In a previous study [10] , made by the authors of the present paper, the longitudinal ballast resistance force was assumed to be constant to investigate how lateral ballast resistance force affects the deformation behavior of ballasted track. In this study however in order to be able to examine related factors (including the influence of ballast longitudinal resistance) the same model used for lateral ballast resistance (as shown below) was adopted for examining longitudinal resistance of ballast, and the study was based on changes in lateral ballast resistance force. Figure 2 shows a dynamic model of lateral ballast resistance force. This force was also modeled using a bilinear type of nonlinear spring element with the characteristics shown in Fig. 2 (a) [11] . The final lateral ballast resistance [12] . The response acceleration is effective as an index for the seismic resistance of the ballast part [13] . Therefore, the characteristics of lateral ballast resistance force were modeled by linearly reducing the final resistance force to a given value (Table 1 ) for a set period, i.e., from the time when excitation starts until the time when the maximum ground acceleration generates as shown in Fig.2(c) . In the analysis targeting ballasted track laid on a structure, we used the time of the generation of the maximum response acceleration of the top of the structure instead of ground acceleration.
This analysis allows a uniform reduction of the final lateral ballast resistance force measured under earthquake conditions over the whole length of the analytical model. In the case of ballasted track laid on a structure, attention needs to be paid to the influence of uneven displacement (such as angular rotation) occurring at the boundaries between structures with differing vibration characteristics. Uneven displacement of ballast track situated in the structure boundary area is expected to cause larger deformation of ballast, leading to increased shear strain. In such cases, based on previous studies [14] it is deemed that lateral ballast resistance force around the uneven displacement position decreases further. The influence of these non-uniform reduction effects is described in other studies produced by the authors of this paper [15] .
The initial track irregularity (alignment) values were set to 2, 3 and 4 mm for the static analysis using a baseline value of 4 mm requiring immediate repair (as indicated in the Specifications [12] ). The waveform of track irregularity was simulated by a half sinusoidal wave with a half wavelength of 10 m and the center of the half wave was set at the center of the analytical model.
For analysis of the track during regular train running, the rail temperature was gradually increased from 0℃ to a level at which buckling occurred. For analysis of the track during earthquake conditions, the maximum temperature change was set at 40℃ determined by the setting temperature of a continuous welded rail. Figure 3 shows targeted structures and evaluation points. For structures, RC rigid-frame viaducts were ad- opted as typical railway structures that are constructed continuously in the longitudinal direction. Specifically, RC rigid-frame viaducts (R1 to R7, 5 spans, 10m per span) and adjustment girders (RC-T type, 10m span length, pin/pin rotation restriction) were placed alternately [16] . Table 2 shows the characteristics of the viaducts, whose heights were set at 10m as a typical value for recently built RC rigid-frame structures of this type. The equivalent natural period T eq was set as 0.5 seconds for the short-period type and 1.0 second for the long-period type. A value of 0.5 was set as the baseline for yield seismic intensity K hy , as the target structure had a yield seismic intensity of about 0.5 to 0.8. The value was then changed to 0.8, which is a severe condition for response acceleration, in line with the deformation behavior of ballasted track.
Structure model
During examination of the influence of uneven displacement (e.g., angular rotation) between the structures, only R4's height was changed with the assumption that viaducts R1 to R3 and R5 to R7 had the same structural specifications. The elevation gap between two adjacent viaducts was also changed to 1.0 and 2.0m with a baseline at 0.5m based on real examples where the average gap was approximately 0.5m.
Earthquake motion
As input earthquake motions, the design groundsurface motions acting on G3 (i.e., ordinary foundation) ground of the following types were used: L1 earthquake motion (the maximum acceleration: 188 gal), ocean trenchtype L2 spectrum I earthquake motion (the maximum acceleration: 446 gal; hereinafter referred to as L2Sp. I), and inland active fault-type L2 spectrum II earthquake motion (the maximum acceleration: 975 gal; hereinafter referred to as L2Sp. II) [17] .
Numerical analysis method
Numerical analysis was performed using a previously developed track buckling stability analysis tool [18] . An incremental arc-length control method [19] to track behavior after the buckling point in static analysis was used as the analytical function in this tool. The output of this analysis was verified through comparison with the results obtained using track buckling stability analysis tools developed in the US and Europe [18] . The analysis tool was also compared with a number of track buckling model tests. Figure  4 shows the above compared with the results of a buckling test using a simulated track [8] .
Conversely, in dynamic analysis, a time-history approach based on direct integration (the Newmark-β method) was adopted in consideration of changes in ballast resistance during the excitation. Figure 5 shows the analysis results in comparison with the results of excitation test [2] conducted on a full-scale ballasted track. Results confirmed by the analysis method mostly agreed with the test results, despite limited test conditions, when the ballast resistance characteristics observed during excitation were appropriately considered.
In this study, the static analysis described above was performed to examine the buckling stability of ballasted track laid on the ground in response to temperature changes during regular train running. For clarification of dynamic behavior of the ballasted track in relation to earthquake conditions, the dynamic analysis described above was performed with earthquake motion input into rail and sleeper elements at a right angle to the rail. In the dynamic analysis, the results of static analysis were used with the rail temperature changed to 40 ℃ as an initial analysis condition. Figure 6 shows the analysis model for the ballast track laid on the structures. A method similar to that described above was used for dynamic analysis. For this purpose, the response (displacement, velocity and acceleration) of the top of the structure was calculated using a single-degree-of-freedom model with assumed bilinear time-history restoring force characteristics (skeleton curve: perfect elasto-plastic constitutive model; hysteresis model: stiffness degradation Clough type) , and this response was then input into rigid beam elements representing the structure shown in Fig. 6 . Figure 7 shows the relation between lateral displacement at a right angle to longitudinal direction of ballast track (hereinafter called lateral displacement) and rail temperature changes with an initial track irregularity of 4 mm. No buckling generally occurs if the rail temperature change is equal to or less than that corresponding to the minimum strength of buckling (t min ). However if buckling temperature (t max ) is reached, snap buckling occurs. On actual tracks, buckling happens between t min and t max due to external disturbance added to the track installation condition. Accordingly, if the difference between t max and t min is large, buckling stability after the temperature exceeds t min will increase. Analysis results in Figure 7 show a clear tendency for rail lateral displacement to increase with the rise in temperature change after a shift from t max to t min . Figure 8 shows temperature properties (t max , t min ) in relation to buckling which occur when the initial track irregularity is changed. Within the scope of the conditions set for analysis, the figure indicates that t max tends to decrease along with higher initial track irregularity values, whereas t min is less influenced by initial track irregularity. Since t min becomes 40℃ or less when the final lateral ballast resistance force is lower than about 5 kN/m, buckling may be caused by external factors such as earthquake motion when the temperature change approaches this level.
Deformation behavior of ballasted track on the ground during earthquakes
Figures 9 to 11 show time series wave profiles of lateral track displacement caused by earthquake motion and input earthquake acceleration. It can be seen that lateral displacement suddenly increases around the time of the maximum input acceleration depending on the degree of reduction in lateral ballast resistance force when vibration is applied. Figure 2 shows that although the influence of linearly decreasing lateral ballast resistance force over time is included (specifically from start of excitation until maximum input acceleration), the response acceleration of track is considered to have a larger influence because the lateral displacement of the rail remains within a small range before the maximum acceleration. In the case of L2Sp. II earthquake motion with a final lateral ballast resistance force of 4.0 kN/m as shown in Fig. 11 , rail lateral displacement increases at roughly 8.5 seconds after the final lateral ballast resistance force is set at a constant value at 1.8 seconds. Accordingly, it can be assumed that the response acceleration of track has a larger effect on the lateral displacement of rails. Figure 12 shows rail lateral displacement distribution. Using an example in which the final lateral ballast resistance force is 1.0 kN/m (an extremely low value) when significant rail lateral displacement occurs due to L1 earthquake motion, this figure and Fig. 1 (a) indicate that the distribution of lateral displacement of a rail takes the shape of a waveform with a peak at the center of the analytical model where the initial track irregularity is set. In the cases of L2Sp. I and II earthquake motion, it is observed that the whole of track model shifts laterally. The results of a previous static buckling test using a real ballasted track showed that rail lateral displacement increased in a section covering a distance of about 6m from the track center where the initial track irregularity was set, and had a peak value of 300 to 400 mm [20] . As the conditions of this test were different from those of the current analysis, direct comparison between the two is impossible. However, the results of this analysis show a similar trend. Figure 13 shows the relation between the final lateral ballast resistance force and rail lateral displacement L2Sp.I Earthquake L2Sp.II Earthquake *1 Final lateral ballast resistance force:1kN/m measured after the excitation for each type of earthquake motion. The figure also includes the results in a case with no excitation (i.e., rail lateral displacement observed for a temperature change of 40℃ as shown in Fig 7) . The figure indicates that rail lateral displacement suddenly increases creating large residual deformation when the final lateral ballast resistance force (g o x a ) at the point of the maximum input acceleration falls below 2.0, 3.0 or 5.0 kN/m in response to L1, L2Sp. I or L2Sp. II earthquake motion, respectively. However, when the final lateral ballast resistance force exceeds these values, the results are almost the same as in the case with no excitation. These results indicate that significant rail lateral displacement can occur due to dynamic action acting on a track during an earthquake and due to a reduction of the final lateral ballast resistance force. The lateral ballast resistance is formed by three of the sleeper's surfaces: the bottom, the end (face at a right angle to the rail) and the longitudinal side surface (face in line with the rail direction). The previous test results have shown that the share ratio of lateral resistance for each surface is almost equal at about 30% [21] . The lateral ballast resistance force acting at the time of earthquake is considered to differ from that shown by the results of static experiment. However, if the results of the static experiment are applied, it is estimated that for a sleeper with a final lateral ballast resistance force of 3.0 kN/m, the end and side are exposed and so frictional resistance acts only on the bottom surface. Suppressing deformation behavior of ballasted track under these conditions is therefore deemed to be difficult. Figure 14 shows the relation between the maximum input acceleration on the ground surface with the linearly reduced acceleration amplitude of L2Sp. II earthquake motion and the rail lateral displacement after excitation. It indicates that such displacement can be held within a small range even if the maximum input acceleration on the ground surface is fairly large on condition that the final lateral ballast resistance force is kept at 5.0 kN/m or more. On the other hand, rail lateral displacement increases significantly depending on the magnitude of the maximum input acceleration on the ground surface if the final lateral ballast resistance force is 4.0 kN/m or less. Additionally, the tmin value of 35℃ for a final lateral ballast resistance force of 4.0 kN/m as determined from the static analysis outlined in Fig.7 is lower than the set temperature change of 40℃. Accordingly, track stability against deformation behavior will be lower, which may result in serious problems such as buckling caused by external factors. For this reason, it can be considered that rail lateral displacement increases due to earthquake motion, which is an external type of disturbance. As discussed above, the residual deformation of ballast track under earthquake conditions can be roughly assessed based on the tmin value determined from static analysis using conditions such as the final lateral ballast resistance force, and the degree of expected decrease of this force.
Deformation behavior of ballasted track on struc-
tures during earthquakes
Deformation behavior due to vibration displacement
Firstly, the influence of vibration displacement (uniform excitation at a right angle to the longitudinal direction of the rail) on the deformation behavior of ballasted track is described based on an example in which the vibration characteristics of viaducts labeled R1 to R7 are the same. Figure 15 shows time-series wave profiles of relative rail lateral displacement and the response acceleration of the top of the structure under L2Sp. I earthquake motion conditions, T eq = 1.0 second and K hy = 0.8. The relative rail lateral displacement indicated here shows the gap between the rail and the top of the structure. The figure shows that relative rail lateral displacement rapidly increases around the time when the acceleration of the top of the structure top reaches its maximum and the lateral ballast resistance force decreases to its final values, and in some cases relative rail lateral displacement may continue to increase due to earthquake vibration. Figure 16 shows the relationship between the final lateral ballast resistance force and rail relative displacement after excitation for each type of earthquake motion with the structural specifications listed in Table 2 . The figures in parentheses represent the maximum response acceleration at the structure top. In the same figure a trend appears showing that when the input acceleration to the top of the structure is large even if the lateral ballast resistance force is high, there is significant residual deformation. Within the range of these structural specifications, relative rail lateral displacement suddenly increases to create large residual deformation when the final lateral ballast resistance force falls below 4.0, 6.0 or 6.0 kN/m in response to L1, L2Sp. I and L2Sp. II earthquake motion, Final lateral ballast resistance force respectively. However, when the final lateral ballast resistance force exceeds these values, the results are almost the same as those for the case with no excitation.
Deformation behavior due to uneven displacement
The influence of uneven displacement (angular rotation) are discussed below using the example of viaduct R4 which had different structural specifications from the others. Figure 17 shows time-series wave profiles of uneven displacement generated between viaducts under the following conditions: L2Sp. I earthquake motion, L2Sp. II earthquake motion, R4 height = 8.0 meters, T eq = 1.0 second and K hy = 0.8. Uneven displacement here shows the displacement gap at a right-angle to the longitudinal direction of the rail between the structures at Points B and C shown in Fig. 3 . The angular rotation (mentioned above in the parenthesis) is determined by dividing the uneven displacement value by the adjustment girder length of 10m. The figure shows that the maximum uneven displacement reaches approximately 210 mm (angular rotation of 21‰) and 173 mm (17‰) for L2Sp. I and L2Sp. II earthquake motion, respectively. Figure 18 shows the relationship between the final lateral ballast resistance force and the relative rail lateral displacement when excitation is applied with L2Sp. I and L2Sp. II earthquake motion under the conditions of T eq = 1.0 second and K hy = 0.8, which are severe conditions for deformation behavior of ballasted track in terms of response acceleration. The figures in parentheses represent the maximum uneven displacement. The same figures illustrate that even when the final lateral ballast resistance force is high, significant residual deformation occurs because of the effect of uneven displacement. However, the degree of influence is almost the same if the elevation gaps between structures are between 0.5 and 2 meters, and the influence of uneven displacement is small under L2Sp. I earthquake motion.
Conclusions
The following is a summary of findings concerning the deformation behavior of ballasted track laid on the ground and on structures during earthquakes, based on analytical models and conditions of analysis.
(1) Significant rail lateral displacement may stem from dynamic forces acting on tracks and reduced final lateral ballast resistance force during earthquakes, depending on the scale of seismic motion, the degree of reduction in the final lateral ballast resistance force and the specifications of the related structures. (2) The residual deformation of ballast track under earthquake conditions can be roughly assessed based on the t min value determined from static analysis using conditions such as the final lateral ballast resistance forces and the degree of expected decline in this force. (3) Under L2Sp. II, the larger uneven displacement between structures causes larger residual deformation even if the final lateral ballast resistance force is high. However, the degree of influence is almost the same if the elevation gaps between structures are between 0.5 and 2 meters, and the influence of uneven displacement is small under L2Sp. I earthquake motion.
